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Abstract 

In pure-penguin h ^ s B ^ V1V2 decays (Vi^2 are vector mesons), fr/fL — 1 
has been observed (/t (/l) is the polarization fraction of transverse (longitudinal) 
decays). Explanations of this unexpectedly large result have been given within the 
standard model (SM) and with new physics (NP). In this paper, we show that these 
two explanations can be partially distinguished through the triple products (TP's) in 
these transitions. In particular, the SM predicts one of the two fake, CP-conserving 
TP's to be small (1^^ I — 9%)) while NP often gives larger values for l^j^ |- We 
discuss the implications of the measurements of both fake TP's in 5 — > (pK* - the 
present data prefer a SM explanation of fr/ fi - and provide the SM predictions for 
B2 -> M. 
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Over the past 10-15 years, a great deal of effort has been put into measuring 
CP violation in the B system. The great majority of these measurements have 
been of direct and indirect CP asymmetries in B decays. As always, the goal is to 
find a discrepancy with the predictions of the standard model (SM). To date, the 
measurements are generally in agreement with the SM. However, there are some 
small hints of disagreements in some 6 — )■ s decays. 

Some time ago, it was pointed out that there is another signal of CP violation in 
B —7- V1V2 (V12 are vector mesons) - a triple product (TP) [T],[2]. In the rest frame 
of the B, the TP takes the form q-{eiX 82), where g'is the difference of the momenta 
of the final vector mesons, and ei and e*2 are the polarizations of Vi and V2. The TP 
is odd under both parity and time reversal, and thus constitutes a potential signal 
of CP violation. 

The most general Lorentz-covariant amplitude for the decay B{p) — > Vi{ki,ei) + 
V2{k2, 62) is given by [H |2] 

M = ael-e*2 + \{p ■ el){p ■ el) + z^e^.p^pV^^^r , (1) 

where q = ki — k2- The quantities a, b and c are complex and will in general contain 
both CP-conserving strong phases and CP- violating weak phases. In B V1V2 
decays, the final state can have total spin 0, 1 or 2, which correspond to the Vi 
and V2 having relative orbital angular momentum / = (s wave), I = 1 {p wave), 
or I = 2 {d wave), respectively. The a and b terms correspond to combinations 
of the parity-even s- and d-wave amplitudes, while the c term corresponds to the 
parity-odd p-wave amplitude. 

In order to obtain experimental information about the TP, one uses the linear 
polarization basis. Here, one decomposes the decay amplitude into components in 
which the polarizations of the final-state vector mesons are either longitudinal (Ao), 
or transverse to their directions of motion and parallel (y4||) or perpendicular {A±) 
to one another. Aq, Ay, A± are related to a, b and c of Eq. ([1]) via [2] 

All = V2a, Ao = -ax - ^^^b{x' - 1) , A^ = 2V2 I^^cv^^^ , (2) 

where x = ki ■ k2/{mim2) {mi and m2 are the masses of Vi and V2, respectively.). 
Now, in the rest frame of the B, the c term of Eq. is proportional to the TP 
q ■ {ei X 62). Thus, there are two TP terms in |Mp, proportional to Im(ca*) and 
Im(6a*) [2j. Equivalently, from the above equation, the two TP's are proportional to 
linear combinations of Im(y4^y4Q) and Im(y4^y4|). (Note that this is to be expected 
- the TP is parity-odd, and one can generate such an effect through the interference 
of either the /-even s-wave or ci-wave state (i.e. Aq or A\\) with the /-odd p-wave 
state {A±).) 

Assuming that Vi,2 both decay into pseudoscalars, i.e. Vi — )■ PiP[, V2 — ?■ -P2-P25 
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the angular distribution of i? — )■ V1V2 is then given by [31 H] 
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where 61 {62) is the angle between the directions of motion of the Pi (P2) in the 
Vi (V2) rest frame and the Vi (V2) in the B rest frame, and is the angle between 
the normals to the planes defined by PiP/ and P2P2 the B rest frame. (For 
other decays of the Vi and V2 (e.g. into e~^e~ , P7 or three pseudoscalars) , one will 
obtain a different angular distribution, see Refs. [21 HJ |5].) The key point is that, 
by performing a full angular analysis of B — )■ V1V2, one can obtain Im(y4xylQ) and 
Im(A_LA|), i.e. both TP's, from Eq. ([3D above. 

Now, above we indicated that TP's are a signal of CP violation. This is not 
quite accurate. As already noted, in general the Ai {i = 0, possess both 
weak (CP-odd) and strong (CP-even) phases. Thus, lm{A±AQ) and Im(yl_Lyl|) can 
both be nonzero even if the weak phases vanish. In order to obtain a true signal 
of CP violation, one has to compare the B and B decays. The amplitude for 
B{p) — Vi(A;i,£:i) + 1^2(^2,^2) can be obtained by operating on Eq. ([1]) with CP. 
This yields 

M = del-e; + \{p ■ el){p ■ el) - t^e^^p^p^q^erer , (4) 

in which a, b and c are equal to a, b and c, respectively, except that the weak phases 
are of opposite sign. Thus, the above equation can be obtained from Eq. ([1]) by 
changing a — )■ a, 6 — )■ 6 and c — )■ — c. Similarly, the angular distribution of this 
decay is the same as that in Eq. ([3]), with Aq — )■ Aq, A\\ — >■ A\\ and A± — )■ — in 
which the A^ are obtained from the Ai by changing the sign of the weak phases. 

The point is that the TP's for the B decay are — Im(y4_|_y4Q) and — Im(74_|_74|j). 
The true (CP-violating) TP's are then given by |[Im(AxA*) - lm{A^A*)] and 
|[Im(74_Ly4||) — Im(74_L74||)]. But there are also fake (CP-conserving) TP's, due only 
to strong phases of the the A^s. These are given by |[Im(y4^AQ) + Im(A_|_ylQ)] and 
|[Im(yl_Ly4|) -|- Im(Aj_A|)]. For the fake TP's, it is necessary to distinguish B and 
B, i.e. untagged samples contain no fake TP's 



^Another way to see this is to note that when one acts on the B decay amphtude [Eq. (|T|)] with 
CP, there is a factor (—1)' for each term, where I is the relative angular momentum of the two 
vector mesons. Since the c-term corresponds to a state with I — I, the c term, which is related to 
A±, has an additional factor of —1 associated with it. As a consequence, the TP's in the angular 
distribution, which are proportional to A±, also have a factor of —1. 
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In order to illustrate characteristics of the true and fake TP's, suppose that there 
are two amplitudes Ai and A2 contributing to a given decay, and that the TP is 
proportional to lm{AiA2)- It is straightforward to show that 

TPfrue oc sin (j) cos S , 

TPfake oc COS sin 5 , (5) 

where (p and 6 are, respectively, the relative weak and strong phases between Ai 
and A2- As is clear from these expressions, the true TP requires a nonzero and 
is relatively insensitive to 6. That is, as with any genuine CP- violating effect, the 
interference of two amplitudes with a relative weak phase is required. On the other 
hand, the fake TP requires only a nonzero strong-phase difference 6, and can be 
nonzero even if the weak-phase difference (p vanishes. Since the linear polarization 
amplitudes will, in general, have different strong phases, this will lead to nonzero 
fake TP's for all decays. 

For the two TP's of Eq. ([3]), we define 



^ - AI + AI + Al ' ^ - Al + Al + A] - ^ ' 



The corresponding quantities for the charge-conjugate process, A^f^ and aP, are 
defined similarly, but with a multiplicative minus sign. Consider now B — )■ V1V2 
decays in which the final vector mesons are light: mi^2 itlb- In Ref. ^ it was 
shown that, in the SM within factorization, 

l^iul _ O f !!^) . (7) 



\Ao\ KniB 

That is, the transverse amplitudes are naively expected to be much smaller than the 
longitudinal amplitude. This implies that, in general, {A^l ^ I^^Y 

One also expects that, in B ^ V1V2, the fraction of transverse decays, /t, is 
much less than the fraction of longitudinal decays, fi. However, it was observed 
that these two fractions are roughly equal in the decay B — )■ (j)K*: fr/ fi — 1 [Z]- 
There are two possible explanations of this. The first is that the SM is still valid, 
but one must go beyond the minimal version. One scenario is that nonfactorizable 
QCD-factorization penguin-annihilation effects are important [8] . A second scenario 
involves nonperturbative rescattering [HI HO]- Alternatively, one can explain the 
/t//l measurement by introducing physics beyond the SM. Suppose there is a new- 
physics (NP) contribution to the b — )■ sss quark-level amplitude. If the NP operator 
has the structure (1 — 75) (g) (1 — 75) or cr(l — 75) (g)o"(l — 75) (denoted STll below), or 
(1 -I-75) ® (H-75) or (7(1-1-75) (8x7(1-1-75) {STfiji), this will contribute dominantly to 
/t in i? — )■ (j)K* and not to fi IHl [12] • One can therefore reproduce the measured 
value of fr/fi if the NP amplitude has the right size. In this paper, we do not 
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Decay 


Final State 


fh 


B (f)K* 171 




0.480 ±0.030 




(f)K*+ 


0.50 ±0.05 


pK* ^ 




0.57 ±0.12 




p+K*'' 


0.48 ± 0.08 


B K*K* ^ 




o.8ot^:}^ 

0.75i°i^ 


5 ^pp [16] 


p+p- 
p^p^ 


0.978±[!:^i 

U- ' 0-0.15 






0.950 ±0.016 



Table 1: Longitudinal polarization fraction for various B — )■ V1V2 decays, taken 
from Ref. [13]. 



assess the advantages and disadvantages of the two explanations. Rather, our aim 
is to propose a way of distinguishing them. 

B ^ V1V2 decays can be separated into four types. These include 6 — )■ s tran- 
sitions: (i) pure penguin (e.g. B — )■ 4>K*), (ii) tree and penguin contributions (e.g. 
B — 7- pK*), and b — )■ J transitions: (i) pure penguin (e.g. B — K*K*), (ii) tree and 
penguin contributions (e.g. B — )■ pp). The polarizations have been measured for the 
decays in parentheses (and others [13]). The results are shown in Table 1. 

As noted above, there is an effect in the 6 — )■ s penguin amplitude which leads to 
Jt/ fi — 1- There is a similar, though weaker, effect in the b ^ d penguin amplitude 
giving fxl fh — 1/3. The data suggest that the tree amplitude(s) reproduce the naive 
expectations, i.e. the transverse amplitudes are much smaller than the longitudinal 
amplitude. Thus, in B^ — )■ p^p~ and B^ which are b ^ d decays with 

both tree and penguin contributions, we have fr/ fi — 0. This is because the color- 
allowed tree amplitude is the dominant contribution. (In B^ — )■ p^p^, the color- 
suppressed tree amplitude is smaller, and the contribution of the b ^ d penguin 
amplitude leads to fr/ fh — 1/3.) And in the b ^ s decay with both tree and 
penguin contributions, the tree amplitude, though nonzero, is subdominant. This 
gives a value for /t//l which is slightly smaller than that for the pure penguin 6 — )■ s 
decay. The upshot of all of this is that there are three classes of decays in which the 
transverse polarizations are reasonably large. Therefore, for these decays, we have 
\A^\ ~ |v4^'*|, contrary to our naive expectation. 

However, there is more, and this is the main point of this paper. It is also 
possible to express the polarization amplitudes using the helicity formalism. Here, 
the transverse amplitudes are written as 

= 4^(A+±A.), 
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= i=(A+-A_). (8) 

The key observation is the following. Due to the fact that the weak interactions are 
left-handed, i.e. the couplings are V — A, the helicity amplitudes obey the hierarchy 

mm 



A, 



A. 



A, 



QCD 



(9) 

nib 

Thus, in the heavy-quark limit, A+ is negligible compared to so that A^\ = —A±. 

(2) 

But in this case, Aj. , which is proportional to Im(74_Lylp, vanishes. This means that 

(2) 

if the large fx/ fi observed in several B — )• V1V2 decays is due to the SM, Aj^' = 
should be found. On the other hand, suppose that the large fx/ fh is due to NP. If 
the new interactions have a different weak phase from the SM, they can be detected 
using the true TP's (of Aj) or v4^^). However, the NP could have the same weak 
phase as the SM, so that the true TP's vanish [Eq. (jS])]. It may therefore not be 
ideal to concentrate on the true TP's - it also may be useful to measure the fake 
TP constructed from Arp and Arp . As we will see below, it is possible to partially 
distinguish the SM from NP through the measurement of the fake Aj.' TP. 

(2^ 

Of course, there are corrections to the prediction that A^' = 0, since the heavy- 
quark limit is just an approximation. Below, we take these corrections into account, 
and estimate A^^ for the pure-penguin 6 — )■ s decays B — )■ (pK* and B^ — )■ 00. We 
also comment on the size of A^ for other b s and b ^ d transitions. 

'A (2) 

We take Ax = \Ax\e'^^ (A = 0, ±), and define = |v4+/y4_|. A^' is then given 

by 

= sin {6+ - 5_) , (10) 



where the polarization fractions are 

, „ , ^ = 0,±,1| , (11) 
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with fr = f± + f\\- In 6 — 7- s transitions, all contributions to the decay are propor- 
tional to the Cabibbo-Kobayashi-Maskawa (CKM) factors V^lVts, V^feKs, or V*f,Vus- 
The term V*bVcs can be eliminated in terms of the other two using the unitarity of the 
CKM matrix. Furthermore, although V^*;,Kjs has a large weak phase, its magnitude 
is greatly suppressed relative to that of V^lVts- In pure-penguin 6 — > s decays, the 
^ub^us term is negligible, to a good approximation. That is, there is effectively only 
one weak amplitude (i.e. (5+ — 5_) is purely a strong phase), and so all CP- violating 

effects are tiny. Thus, A^^ = —A^'' and so A^^ is by itself a fake TP. 

(2) 

In order to estimate the size of A^ , we proceed as follows. First, within QCD 
factorization [18\, r-r is expected to be about 4%. When the penguin-annihilation 
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amplitude is added, r-r is increased to lie in the range 5%-15%. Second, it is straight- 
forward to show that 

[(l-4)^ + 44sin^ {6+ -6.)]'/^ 
l + r^ + 2rT cos {5+ - 5_) 

Given the experimental values for f± and f\\, the above equation provides a con- 
straint on and the phase (5+ — 5-)- 

We begin with B — )■ (pK*. If desired, one can avoid tagging altogether by 
considering charged-S decays, or by using self-tagging decays of the K*^ in — )■ 
(f)K*^. The estimate for A^^ is found using Eq. ( [T0|) . tt is varied in the range (0.05, 
0.15), and the phases 6± in the range (0, 2tt). The constraint of Eq. (fT2|) is imposed 
using the measured polarization fractions f± = 0.241 ±0.029 and f\\ = I — Jl — f± = 
0.279 ± .042 [13]. The experimental numbers are varied within their ilu errors. 

('2) 

The result is shown in Fig. [TJ There we see that I^t^ | — 9% predicted. 

This prediction can be compared with the experimental result. Aj^ has not 
been explicitly measured, but its value can be deduced using other measurements. 
The relevant B^ — )■ (pK*^ polarization observables are shown in Table [21 Here, the 
relative phases between y and Aq, denoted (f)± and are defined to be 

A- A- 
4>i = arg-^ - IT sign{arg—!-) , i =±, || . (13) 

^0 ^0 

We follow the convention of Ref. [19] for the polarization fractions, and of Ref. [17] 
for the phases, defining 

f? = h{i+QA'cp), f2^f±a+Q A^p) , 

<l>h = (t^h + QMh. h=ll. . (14) 



4 

f\\ 



(12) 
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Polarization fractions 


/i = 0.480 ± 0.030 


= 0.241 ± 0.029 


Phases 


0||(rarf) = 2.4Ollj:|^ 


(P^{rad) = 2.39 ±0.13 


A0||(rac/) = 0.11 ±0.13 


A(f)^{rad) = 0.08 ±0.13 


CP asymmetries 


A^p = 0.04 ± 0.06 


A^p = -0.11 ±0.12 



Table 2: i?^ — t- (pK*^ polarization observables [13]. 



Here, Q = 1 (—1) for (B^)- Using the numbers above we can calculate 

A^T^ = ^{A^T^B - A'^^^g) = 0.002 ± 0.049 . (15) 

The measured value of A^p is therefore in agreement with the SM prediction. 
Indeed, it is consistent with zero. What does this say about the NP explanations of 
the large observed value of /t/Zl? In the heavy-quark limit, A+ = in the STu 
scenario, so that A\\ = —A± (as in the SM) and = 0. Similarly, STjir predicts 

that A_ = 0, so that A\\ = A± and = 0. Thus, the result that ~ is 
consistent with STll- It also appears to be consistent with STrr. However, the 
SM and ST^^ make very different predictions for y4+ and A^. Since both the SM 
and STrh operators are present in this NP scenario - the value of fi confirms the 

(2) 

importance of the SM contribution - the predicted value of Aj. is nonzero. Thus, 
the measurement of A>p' ~ rules out STjip, or at least strongly constrains it. 
Furthermore, in real model calculations (e.g. in the two-Higgs-doublet model [20]). 
in general both STu and STpp operators appear, so that neither A^ nor A_ is zero, 

(2) 

and Aj' ^ 0. As above, such NP scenarios are generally ruled out. (Note that even 
if the NP operators have new weak phases, this will not significantly affect the fake 
a!)p TP, see Eq. ([5]). The one exception is if the new phase is near | or In this 
case, the fake TP is small, and the NP must be detected through a true TP, which 
is maximal.) We therefore see that the measurement of the fake aS^ TP allows us 
to partially differentiate the SM from the NP explanations of fr/ fi- The present 
B — (f)K* data suggest that the SM is preferred over NP. 

We now turn to Bg — )■ 00. In this case, tagging is necessary to distinguish the 
B^ and B^ decays. Furthermore, B'^-B^ mixing must be taken into account. Within 
the SM, in which the weak phase of the mixing is negligible, the TP terms of Eq. 
are modified as follows [21] : 

Im(A^A* ||) -^e-^*(lm(v4xv4* ||)cosAmt-Re(AxA* ||)sinAmt) , (16) 

where we have set the mixing phase to 0. As before, we use Eq. (fTOj) to estimate 

(2) 

Arp' , taking and 6± in the ranges (0.05, 0.15) and (0, 27r), respectively. The CDF 
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shows Aj. for the decay Bg (j)(f) clS db 



data for the polarization observables for this decay are [22] 

/l = 0.348 ± OMl{stat) ± O.Q21{syst) , 

/|l = 0.287 ± 0M3{stat) ± 0.011{syst) , 

= 0.365 ± O.OUistat) ± 0.027{syst) , 

/r = 0.652 ± 0.041(stat) ±0.021(s|/st) . (17) 

These are used to impose the constraint of Eq. ( |T2l) (the experimental numbers 
are varied within ±lcr). The result is shown in Fig. [21 The prediction is that 

\A^?\ < 10%. 

It is interesting to compare the decays B — )■ (pK* and Bg — > 00. These are the 
same in the flavor SU(3) limit. However, at present there are signifant differences. 
For example, the polarization fraction fi differs between the two decays by more 
than 3a. (Still, SU(3) breaking, which can have an effect of ~ 25%, could account 
for this.) Due to the fact that fi is relatively small in Bs — >■ 00, a sizeable fraction 
of the (5+ — 5_) space is not allowed in Fig. [2j If we ignore the differences between 
the two decays and use the allowed values of (5+ — 5_) from Bg — ?■ 00 as an input 
for Bd — !■ (f)K*^, we see that a!^^ is predicted to be very small in this decay (see 
Fig. [I]). 

As noted above, 6 — )■ s decay amplitudes can be written in terms of V^lVts and 
VuhVus, and in pure-penguin b ^ s decays, the V*i^Vus term is negligible. However, 
this approximation is not valid for 6 — )■ s transitions in which there is a tree con- 
tribution, such as i? — 7- pK*. In such decays, since V*i,Vus has a large weak phase, 
the A^^^s are no longer purely fake TP's. Thus, in order to estimate the TP's, one 
also has to compute the Aj^^s for the charge-conjugate decays. Now, while it is still 

(2) 

true that the fake Aj, TP vanishes in the heavy-quark limit, calculating corrections 
to this due to the finite 6-quark mass is much more complicated. Because there is 
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Figure 3: The left (right) panel of the figure shows Aj:^ for the decay — )■ (f)K 
as a function of (5+ — 5_) (rr). 



'*0 



more than one amplitude, the TP's depend on additional variables (magnitudes of 
diagrams, weak and strong phases), and there are not enough experimental obser- 
vations to constrain the parameters. For this reason we cannot provide a reliable 
estimate of the fake Aj^ in this case. 

Pure-penguin b ^ d decays are similar in this respect. The penguin diagram 
proportional to V*fjVud is not negligible, so there are two amplitudes contributing 
to the decay. As such, the TP's depend on more parameters than in pure-penguin 
6 — > s decays, and so the corrections to the heavy-quark limit result cannot be 
estimated reliably. 

Finally, for pure-penguin 6 — )■ s decays, we can estimate the Aj^^ fake TP. Defin- 
ing tq = \Aq/A_\, A^p^ is given by 



.(1) 



To can be fixed from 



V2 



rofiirr sin (5+ - 6q) - sin {6- - 6o)] . 



;i + 4) 



fr 

h 



(19) 



For B -^■ (f)K*, we vary in the range (0.05, 0.15), all phases 6x (A = 0, ±) in 
the range (0, 27r), and all polarization fractions within ±lcr. This gives tq in the 
range (0.95, 1.1). r-p and (5+ — (5_) are further constrained by Eq. (fTOl) . The result 
for is shown in Fig. [3l l^^^^l < 40% is predicted. 

This prediction can be compared with the experimental result, which is deduced 
from other measurements as before. We find 



(1) 



-0.23 ±0.03 



(20) 
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Figure 4: The left (right) panel of the figure shows ^ for the decay Bg — 00 as a 
function of (5+ — 5_) (rr). 



in agreement with the SM. 

For Bg — 7- 00, we use the same procedure as above, vq is found to lie in the range 
(1.25, 1.47). The prediction for is shown in Fig. H We find \A^t^\ < 40%. 

In summary: the angular distribution of -B — V1V2 (Vi,2 are vector mesons) 
contains triple products (TP's), odd under parity and time reversal. There are two 
TP's, denoted A^!^ ~ lm{A±A*Q) and A^^^ ~ Im(AxA|), where the Ai {i = 0, ||,±) 

are the polarization amplitudes. There are TP's in B decays as well: A^^ {i = 1, 2). 

They are equal to —A^, with the weak phases having the opposite sign. There are 

two categories of TP's: (i) real TP's: ^[A^fi + A^^\ and (ii) fake TP's: - A^fi]. 

Real TP's are CP- violating, and are nonzero only if the decay has two contributing 

amplitudes with a relative weak phase. Fake TP's are CP-conserving, and can be 

generated by strong phases alone. For fake TP's, it is necessary to distinguish B 

and B, so that tagging is needed, possibly by using self-tagging decays. 

In the heavy-quark limit, the standard model (SM) predicts that A\\ = —A^, so 
(2) 

that Arp = 0. We have computed the finite- mass corrections to this for the pure- 
penguin 6 — )■ s decays B — )■ (pK* and B^ — )■ 00. These are especially interesting 
because, to a good approximation, they have only one weak amplitude. As a conse- 
quence, all CP-violating effects essentially vanish. In particular, these decays have 
only fake TP's. For B — )■ (f)K*, we find that the SM predicts \ A^^\ < 9%, consistent 
with the measured value of 0.002 ± 0.049. 

There is a further consequence of this measurement. In B ^ 4'K*, it is expected 
that fr <C /l, where fr and fi are the fractions of transverse and longitudinal 
decays, respectively. However, — 1 is found. Explanations of this result have 

been given within the SM and with new physics (NP). Interestingly, the NP scenarios 

(2) 

often predict large values for I5 are thus ruled out, or at least strongly 

(2) 

constrained, by the current measurement of Arp . Thus, the measurement of the 
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(2) 

fake Ajn^ TP allows us to partially differentiate the SM from the NP explanations 
oifr/h. 

We find that the SM predicts < 10% for 5° — )• 00. We have also estimated 
A^r^^ within the SM, with the resuh that |v4^^^ | < 40% for both decays. For B (j)K*, 
this is consistent with the measured value of —0.23 it 0.03. 
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